Abstract-Interleukin-8 (IL-8, CXCL8) is a neutrophil chemotactic factor belonging to the family of chemokines. IL-8 was shown to resist pepsin cleavage displaying its high resistance to this protease. However, the molecular mechanisms underlying this resistance are not fully understood. Using our in-house database containing the data on three-dimensional arrangements of secondary structure elements from the whole Protein Data Bank, we found a striking structural similarity between IL-8 and pepsin inhibitor-3. Such similarity could play a key role in understanding IL-8 resistance to the protease pepsin. To support this hypothesis, we applied pepsin assays confirming that intact IL-8 is not degraded by pepsin in comparison to IL-8 in a denaturated state. Applying Index Terms-Protein-protein interactions, computational biology, pepsin resistance, pepsin inhibitor, interleukin-8
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INTRODUCTION
I L-8 belongs to a family of chemokines, which consist of small chemotactic cytokines. It was first identified in 1987 as a novel type of neutrophil-activating cytokine [1] . Human IL-8 is 77 amino acids long and found in both monomeric and dimeric forms [2] . The human fetus as well as newborns take up biologically significant quantities of IL-8 in amniotic fluid and breast milk. It was previously reported that IL-8 is highly resistant to pepsin, an aspartic proteinase [3] . In particular, Maheshwari et al. applied immunological analysis, Western blot techniques, cell proliferation and chemotaxis assays to demonstrate this resistance. Using molecular docking simulations they also proposed a molecular model, which explained the resistance by absence of structural complementarity between IL-8 and pepsin binding site: potential cleavage sites for protease on IL-8 are not accessible for pepsin when disulfide bridges in IL-8 are intact [3] . There are not many characterized proteins that show a pepsin resistance or inhibit pepsin [4] . Ascaris suum (A. suum) produces pepsinspecific inhibitors [5] , [6] , [7] , e.g., the 149-residue pepsin inhibitor-3 (PI-3; [8] , which has no significant sequence similarity with any other proteins from other organisms [8] , [9] . PI-3 is one of a few structurally determined protein inhibitors of aspartic proteinases [10] , and it reversibly inhibits the proteolytic activities of the gastric enzymes pepsin and gastricsin [11] . PI-3 as pepsin inhibitor was also shown to affect immune responses [12] suggesting an immunomodulatory function [13] . It has been suggested that the inhibitor from A. suum may function to protect the nematode during passage through the host's digestive system or to evade immune responses [14] , [12] , some causing production of IL-8 [15] , [16] , [17] , [18] . A direct interaction between an A. suum-derived chemotactic factor and the host's chemotactic network, via a G protein-coupled receptor, which interacts with the IL-8 receptor pathway, is evident [19] .
Although IL-8 resistance to pepsin gained attention before, previous studies did not explain the relevant underlying molecular mechanisms. In the in silico part of this study, we aimed at understanding this resistance by analyzing structural properties of IL-8 such as three-dimensional (3D) arrangements of its secondary structure elements (SSEs) using a combination of geometric hashing and clique detection implemented in a in-house database containing the data from the whole Protein Data Bank (PDB). Geometric hashing is a highly efficient technique for matching geometric features within a database [20] . The particular strength of geometric hashing in structural biology is its ability to find highly similar 3D substructures in proteins [21] , [22] , [23] . It was previously successfully applied for matching SSEs on a small data set [24] . Approaches derived from graph theory like clique detection are often used for protein structure comparison and recognition [25] , [26] , [27] , [28] , [29] , [30] , [31] , [32] , in computational biochemistry and genomics analysis for proteins [33] as well as for small molecules, e.g., [34] . By screening the whole PDB with our database-driven infrastructure, we found that IL-8 and PI-3 possess significant structural similarities. Comparison of their structures, key interactive residues, and electrostatic properties led to some new structure-based understanding of the unusual pepsin resistance of IL-8.
In order to obtain experimental insights into pepsin/IL-8 interaction in solution, an in vitro pepsin activity assay employing a short peptide substrate was used for detecting any inhibitory effect of IL-8 binding to the enzyme, and mass spectrometry (MS) based method was employed to detect any IL-8 degradation by the enzyme under standard and denaturizing solvent conditions. While no inhibition of enzyme activity was witnessed in the activity assay, enzymatic degradation of IL-8 was obtained only when exposed to mild denaturizing conditions. Furthermore, 1 H-15 N HSQC (Heteronuclear Single Quantum Coherence) NMR experiments were carried out to characterize the residues participating in pepsin/IL-8 interactions. To summarize, in this work, we present computational and experimental results which propose the putative molecular mechanisms for the intrinsic IL-8 resistance to pepsin.
METHODS
Computational Methods
Our database-driven infrastructure contains PDBML [35] documents from the PDB [36] , a unique worldwide repository for 3D data of biological macromolecules, which recently surpassed 100,000 entries. The basic design, preprocessing workflow and set-up is published elsewhere [37] . We extended our PDBML document processing workflow to enhance our database-driven infrastructure by storing SSE data as described below. In July 2015, we stored all available 110,919 PDBML documents at that time using IBMs DB2 Enterprise Server Edition v10.5 for Linux, Unix and Windows (LUW).
To determine SSEs, the processing workflow was extended by considering solely PDBML documents with protein structures. Only from these documents, the 3D atomic coordinates were extracted to apply DSSP [38] , a widely accepted standard for secondary structure assignment [39] . Note that only SSEs consisting of four or more residues were considered. Inside the database, each SSE gets an automatically generated record ID (SSE-ID) assigned and is represented -depending on the number of residues the SSE consists of -at least as one penta-peptide (PP). For example, a SSE with nine residues (n. . .nþ8) would be broken down ('fragmented') into two PPs n . . . n þ 4 and n þ 4 . . . n þ 8 with one overlapping residue n þ 4. A pseudo-algorithm with the benefits of PPs is presented in Supplementary Fig. A , see Appendix, which can be found on the Computer Society Digital Library at http:// doi.ieeecomputersociety.org/10.1109/TCBB.2016.2614821. A database search for spatial, connectivity-independent arrangement of SSEs in the 3D space, is not directly based on matching SSEs but their underlying PPs. To query all available protein structures for matching SSEs efficiently, all PPs were pre-processed according the reference frame generation of geometric hashing [20] .
The basic idea of the reference frame generation here is to rearrange PPs in space and in addition to determine all its geometric invariants, see Fig. 1 . The reference frame is a hash table, enabling fast SSE-(i.e., PP-) comparisons at the recognition stage [23] . Here, a record in the hash table basically contains any two ordered (K'L') PPs (denoted as PP-tuple) assigned with the SSE-ID it belongs to. Before inserting such a PP-tuple into the hash table, rigid transformations (translations, rotations) were applied on it, so that the center of mass of all ten a-carbons of K' and L' lies on the origin of the 3D coordinate system, the central a-carbon of K' on the x-axis and the central a-carbon of L' on the xy-plane. With that assignment of K'L' to the coordinate system, we generated our connectivity-independent 'building blocks' for the PPsearch in our database. That assignment is done for each permutation of K'L' (i.e., K'L', L'K'), so that at runtime (i.e., recognition stage of geometric hashing) no special treatment of SSE/PP arrangement is required anymore.
For the recognition stage of geometric hashing, a Cþþ-program directly accessing the DB2 database through an application programming interface (API) was developed. For the database search by efficiently scanning the hash table for matches, these input-SSEs were grouped into sets of two SSE, and each time their PP-tuples were looked up and fired against the hash table ( package [40] for determining whether found subsets of PPs in the database match not only all the input PPs, but also that this match is unique, see Fig. 1 , lower part. This means, any found PP matches one and only one input PP (PP-pair). Such PP-pairs were then superimposed -using the API of BLAS (Basic Linear Algebra Subprograms) e.g., for rigid transformations. A final match was found only when the rmsd of the superimposed PPs did not exceed 3.0 A for the a-carbons. Both overlapping PDB structures were finally stored in a PDB file.
For the calculations and visualization of the surfacemapped electrostatic potential of both PI-3 and IL-8, BIO-VIA (formerly Accelrys) Discovery Studio was used.
Experimental Materials and Methods
Pepsin Activity Assays
The inhibition of pepsin activity by IL-8 was tested in vitro with the recombinantly produced human proteases pepsin A (Uniprot P00790; amino acids 16-388) and pepsin C (Uniprot P20142; amino acids 15-388), respectively.
The fluorescence lifetime-based protease activity assays were conducted in 384-well plates (Black Microtiter 384 Plate, round well, catalog number 95040020; Thermo Electron Oy, Vantaa, Finland) in a final volume of 25 ml.
For the pepsin A activity assay, a buffer comprising 50 mM sodium acetate at pH 3.4, 33 mM sodium chloride, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT) and 0.05 percent (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) was used. For the pepsin C activity assay, the buffer comprised 50 mM glycine/HCl at pH 2.5, 33 mM sodium chloride, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT) and 0.05
The fluorescently labeled peptide Ac-Arg-Gly-Leu-LeuVal-Trp-Gly-Leu-Ser-Gly-Cys(PT14)-Lys-NH 2 was purchased from Biosyntan (Berlin, Germany). Within the substrate sequence given above, PT14 is the acridone fluorescence lifetime probe. IL-8 was added to the plate containing either 0.3 nM pepsin A or 0.5 nM pepsin C, respectively, and incubated for one hour at room temperature. The change in the fluorescence lifetime of PT14 was used for monitoring pepsin activity.
The enzymatic reaction for evaluating the degree of inhibition of the enzyme was started by adding 1 mM of the substrate and the fluorescence lifetime of the samples were measured after one hour incubation at room temperature.
Fluorescence lifetime measurements based on time-correlated single-photon counting (TCSPC) were conducted on an Ultra Evolution (TECAN, Maennedorf, Switzerland) fluorescence lifetime reader. The excitation light source was a semiconductor laser at 405 nm, producing picosecond light pulses with a repetition frequency of 10 MHz. The emission was collected through a 450-nm band-pass filter with 25 nm bandwidth. The measurement time per well was 1 s, yielding approximately 1000 counts in the peak channel. The parameters used as assay readout were the fluorescence lifetimes obtained by fitting the recorded fluorescence intensity decays with a monoexponential curve model done automatically by the control software of the instruments [41] .
A Novartis proprietary inhibitor of pepsin A and C activity was used to check for the performance of the assay. For this inhibitor IC50 values of 0.7 and 4.3 mM in the pepsin A and C assays, respectively, were determined in-house previously.
LC/MS-Based Investigations of IL-8 Stability in the Presence of Pepsin
IL-8 at 40 mM was incubated with either pepsin A or C at 1 nM in Eppendorf tubes at room temperature overnight. The respective assay buffers are reported in the section above. The reducing agent TCEP (tris(2-carboxyethyl)phosphine) was added following the overnight incubation to a final concentration of 50 mM.
After the incubation under reducing conditions at room temperature for 90 minutes, samples were analyzed by MS on an Acquity UPLC system (Waters Corporation, USA). The instrument was equipped with an Acquity UPLC BEH300 C18 (2.1 x 50 mm 1.7 mm) column. The samples were run with a 5 to 98 percent (v/v) Eluent B gradient in 4.4 minutes and a flow rate of 0.8 ml/min. Eluent A was water with 0.05 percent trifluoroacetic acid (TFA) whereas Eluent B was acetonitrile with 0.04 percent TFA.
IL-8 and cleavage products were detected by the UV absorption recorded at 214 nm and their mass determined by ESI Q-TOF MS. For the sequence determination based on the MS data the "Protein Analysis Work Sheet" software (PAWS, Proteometrics Inc., New York, USA) was used.
Pepsin activity assays as well as IL-8 stability investigations in the presence of the pepsin were carried out under conditions previously justified and used in other experimental studies of this system [3] , [42] , [43] .
NMR Spectroscopy-1 H-15 N-HSQC Chemical Shift Perturbation Assay
Human pepsin was commercially not available, so porcine pepsin was taken (Sigma Aldrich: P7012-1G, Lot Number: SLBJ4999V). Note that the structure of porcine pepsin closely resembles the structure of human pepsin [44] with 84 percent sequence identity and 0.6 A rmsd of superimposed structures [45] . The pepsin powder was directly dissolved in the measuring buffer (20 mM NaH 2 PO 4 , 50 mM NaCl, pH 7.0). The final protein concentration was 142 mM as determined by UV/VIS spectroscopy (E 280nm ¼ 51300 M cm À1 ) [46] using a NanoDrop device (Thermo Scientific, NanoDrop products, Wilmington, DE, USA).
The 77 amino acid variant of uniformly 15 N-labelled human IL-8 (hIL-8) was produced by heterologous over expression in E. coli cells using a minimal medium and purified following the protocol published in [47] . 250 ml of the hIL-8 preparation were dialyzed overnight against 1 l of the measuring buffer. The protein concentration was controlled by UV/VIS spectroscopy (E 280nm ¼ 7240 M cm À1 ) [46] using a NanoDrop device (Thermo Scientific, NanoDrop products, Wilmington, DE, USA) and further adjusted to be 142 mM. 15 N-HSQC of hIL-8 were calculated according to [48] . 
RESULTS AND DISCUSSIONS
In Silico Analysis of IL-8 and PI-3 Structures
From the 110,619 available PDB structures as of July 2015, 107,793 of them contain one or more polypeptide chain(s) of any length. DSSP assigned to 106,348 PDB structures at least one SSE and 5,368,191 in total, see Table 1 .
Our hash table contains 654,142,535 'fragmented' PPs. A run using four (three b-strands, a-helix) SSEs of IL-8 (PDB ID: 1IL8) resulted in 3,154 PDB output files with superimposed PPs/SSEs, distributed to 2,383 PDB structures. Also, due to the SSE fragmentation, some structures have up to ten (PDB IDs: 4XIX, 3LK4) or even 16 (PDB ID: 3IA0) SSE matchings. One of the results that caught our attention was for a complex containing pepsin and a pepsin inhibitor termed PI-3 (PDB ID: 1F34).
For the in silico analysis of the structures with the PDB ID 1IL8 and 1F34 we used the original residue numbering conventions from Uniprot [49] and denote corresponding PDB numbering for clarity, see Supplementary Fig. B in the Appendix, available online. For example, the PDB numbering for 1IL8 would start at Uniprot position 28 (denoted in capital letters for each molecule).
PI-3 was found to be among the top-scored hits. In particular, it was ranked as 48 in total and as 9 among the hits not belonging to the IL-8-like fold (Supplementary Table A , Appendix, available online). There are a couple of essential key motifs of PI-3 being important for the inhibition. They are listed in Table 2 with spatially corresponding IL-8 counterparts (if available), being analyzed more detailed below.
The superposition of the IL-8 and PI-3 structures shows high similarity. The a-carbons rmsd values of superimposed PPs are 2.9 A and 2.2 A for automatically -i.e., fully computationally calculated through our Cþþ -application using BLAS (Basic Linear Algebra Subprograms) to determine the transformation matrix. The matching with the best rmsd value for PI-3 and IL-8 is shown in Fig. 2a .
The 3D structure analysis of the complex between porcine pepsin and PI-3 has revealed the key residues of PI-3 participating in aspartic protease inhibition [8] . This means, the binding site consisting of residues 24-28 -FSMST -of the N-terminal strand of PI-3 make antiparallel b-sheet hydrogen bonding interactions with residues 129-133 -ELSIT -of pepsin [8] . This segment of pepsin is part of a b-hairpin that forms part of the S1'-S3' binding sites in pepsin [50] . For the fully computationally obtained superimposition of IL-8 and PI-3, the b-strand encompassing residues 24-28 of PI-3 match the N-terminal b-strand of IL-8 with the corresponding residues ELRVI at sequence positions 51-55 with a-carbons rmsd ranging from 1.2 A to 2.7 A , see Fig. 2 (panel A). Next, we compared the electrostatic potential of the superimposed PI-3 and IL-8 (computational model), particularly both regions pointing to the pepsin binding site. Fig. 3 shows the electrostatic potential mapped on the solvent exclusion surface for 1IL8 (left side) and 1F34 (right side).
Comparing the calculated surface-mapped electrostatic potential for both molecules reveals that they share similar electrostatic properties suggesting that IL-8 can form a putative interface with the pepsin similar to the one formed by PI-3.
There are few residues that are essential for the pepsin inhibition of PI-3. Besides the poly-proline helix (159-163), also the N-terminal residues 21-23 (QFL) were observed to be important for the inhibition of various aspartic proteases [51] . These residues occupy enzymatic subsites P1', P2' and P3' of the pepsin and so block the access of potential substrates to the S1' to S3' binding pockets in the enzyme [8] . That glutamine of PI-3 is located near the catalytic aspartic acids on positions 91 and 274 of pepsin, whereas the a-amino group of glutamine is reported to be nearest to the carboxylate oxygen atom of residue 274 that forms a hydrogen bond with a catalytically important water molecule in the active enzyme [5] , [8] . The closest distance of an IL-8 residue (computational model) to the carboxylate oxygen atom of residue 274 is about 11.9 A . The superimposition of IL-8 and PI-3 structures reveals no counterpart in IL-8 corresponding to the tri-peptide QFL of PI-3, neither for the computational nor the manual model (see below) suggesting that there is no direct putative interference of IL-8 with the pepsin active site.
Inhibitor residues 161, 162 and 163 of the C-terminal poly-proline helix (159-163) are crucial for optimal binding to porcine pepsin, whereas residue 159 is not significant for the inhibition [51] . The interactions between the 349's a-hairpin loop of pepsin and this poly-proline helix of PI-3 may also contribute to the specificity of PI-3 [8] . Apparently, there are no corresponding IL-8 poly-proline segments, but there is a viral chemokine structure (PDB ID: 1ZXT) containing such a tripeptide of prolines in the structurally corresponding region. However, the role of proline 160 in PI-3 could be potentially performed by proline 46 (computational model) in the 3 10 -helix of IL-8, whereas the closest distance between the two pyrrolidines of P160 and P46 is less than 2.9 A . Moreover, another important residue of PI-3, K130, has a counterpart residue (computational model), K92, in IL-8 (NZ-NZ-distance is less than 4.0 A ). Using four SSEs of IL-8 as input for a database search of connectivity-independent SSEs obtained two structural matches regarding a pepsin-PI-3-complex. Both matches differ structurally solely by slightly shifted SSEs. From the literature, we know the key residues of pepsin and PI-3 which are responsible for the inhibition. In most cases, we identified matching counterpart regions/residues in IL-8, which may partially mimic the function of PI-3. Additionally, we calculated the electrostatic potentials of IL-8 and PI-3. We then compared both electrostatic potentials with IL-8 superimposed on PI-3 -particularly along the binding region of PI-3 to pepsin -and observed similar electrostatic properties.
Inhibition of Pepsin Activity by IL-8 Using Pepsin Assays
The inhibition of human pepsin A and pepsin C activity by IL-8 was tested in vitro in a dose-dependent manner using a protease activity assay. Fig. 4 shows the dose-response curves (DRCs) for a known reference inhibitor (red lines) and for IL-8 (black lines). The DRCs for the reference inhibitors result in IC 50 values of 0.7 and 4.3 mM for pepsin A and C, respectively, prove that the assays performed well. For IL-8, a dosedependency of the pepsin activities on the IL-8 concentrations was not obtained up to a concentration of 40 mM. Hence, the IL-8 is not inhibiting the two enzymes under the reported assay conditions, i.e., when a short peptide is used for monitoring enzymatic activity in vitro. The stability of IL-8 in the presence of pepsin A and C under reducing and non-reducing conditions was tested by incubation the chemokine with either of the proteases and the subsequent analysis of the reaction mixtures by LC/MS.
The analysis revealed that under the chosen reducing assay conditions corresponding to the native state of IL-8, IL-8 is not cleaved by either of the proteases. In contrast, under the same assay conditions and in the presence of the reducing agent TCEP, pepsin C but not pepsin A was able to cleave the chemokine, suggesting that IL-8 could be cleaved in the denaturated state. These results are in agreement with previously obtained data for IL-8 resistance to pepsin [3] .
The detected IL-8 cleavage is a slow process; it was witnessed only after incubating the chemokine with the protease overnight at room temperature. In Table 3 , the detected cleavage products and the resulting cleavage sites are shown. The asterisks ( Ã ) indicate the cleavage sites in IL-8 by pepsin C found in this study. Caused by the relatively low concentration of the pepsin protein stock solution, only a twofold molar excess of pepsin over hIL-8 monomer was feasible for this titration study. It should be noted that this was not enough to fully drive the chemical shift perturbations to saturation. The amide signals of N83/Y40 and K94/R87 could not be unambiguously followed during titration and were not included in Fig. 6 but at least one signal of each pair showed a shift. For a similar reason, I66/I37 and K30/C34 were also not included, but regarding the first pair both signals showed a shift, whereas regarding the second pair no shift was observed. L32, A29 and Y40 could not be detected at all. In summary, the pronounced chemical shift perturbations, which clearly depend on pepsin concentration, suggest an interaction of hIL-8 and porcine pepsin in solution. Due to the high structural similarity between pepsins A and C, these results also suggest a similar interface for IL-8/pepsin C interactions.
The computationally obtained superimposition depicted in Fig. 2a displays the overlap between residues 51-55 of the N-terminal b-strand of IL-8 with residues 24-28 of the b-strand of PI-3, which is also the binding site of the pepsin. Compared to Fig. 6 , we do not observe NMR signals around positions 51-55 which may indicate an interaction of IL-8 with the pepsin. Thus, based on the structural superimposition depicted in Fig. 2a we used BIOVIA Discovery Studio in order to adjust the automatically obtained superimposition by manually translating and rotating IL-8 molecule. The obtained superimposition (Fig. 2b) is different from the initial one and also contains a good structural match of SSEs of PI-3 and IL-8. In contrast to the superimposition in Fig. 2a , residues 74-78 of the C-terminal b-strand of IL-8 cover the b-strand (res. 24-28) of PI-3 and hence overlap with the pepsin binding site of PI-3. This superimposition yields a better understanding of the pepsin resistance of IL-8 at molecular level than the automatic one and suggests the pepsin binding region that is in a good agreement with the one inferred from the NMR experiments.
CONCLUSION
In this work, we aimed at understanding the structural basis of IL-8 resistance to pepsin. In silico, we combined geometric hashing and clique detection to search the entire PDB for spatially matching SSEs. We demonstrated that both approaches can be successfully applied for identifying SSEs in the 3D space taking the entire PDB into account. IL-8 was the queried protein with the four SSE being screen through the database. One of the most interesting database matches was PI-3 of the nematode A. suum. Since IL-8 resists pepsin cleavage, we first analyzed the structural similarities of IL-8 and PI-3. It turned out that some essential PI-3 key players for inhibition can be partially 'mimicked' by IL-8. Second, we decided to cross-check our promising in silico observations experimentally using pepsin assays and HSQC NMR experiments. Indeed, in the former experiment, IL-8 did not inhibit pepsin, but resisted cleavage. In the later experiment, we clearly proved strong binding of pepsin and IL-8 with the binding interface partially in agreement with the one we proposed computationally. Our molecular model and experimental findings provide structural insights into the IL-8 resistance complementing the experimental data previously obtained by other approaches [3] .
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